In the objective of testing the design of pot-growth experiments, we conducted two greenhouse studies of a "dwarf " sunflower cultivar and an arbuscular mycorrhizal (AM) fungus to determine how pot size and inoculum distribution affect plant growth and AM symbiosis. As predicted, large-potted plants developed a greater overall biomass and root colonization than smallpotted ones which we attributed to the larger "rootable" volume. Furthermore, plants grown in a band of high density inoculum substrate showed a higher prevalence of fungal vesicles (sites of lipid storage) indicating a more advanced level of root colonization compared to those grown in a dispersed inoculum substrate; this likely being due to the higher frequency of interaction between roots and fungal propagules. In a second experiment, large-potted AM plants showed a greater tolerance to water deficit than non-AM control plants; however, this mycorrhizal effect was not detected among small-potted plants. We conclude that careful consideration should be made toward design parameters to limit result biases and ultimately facilitate comparison of findings between studies.
Introduction
Studies involving pot-grown plants represent an underpinning of comparative plant physiology. However, design parameters such as the size of the experimental microcosm (e.g., pot size) may confound the interpretation of results regardless of the intended experimental conditioning [1] [2] [3] [4] . Specific to the study of mycorrhiza-a mutualistic association between plant roots and soil fungi-we believe that the pot size and fungal inoculum distribution may inadvertently affect plant growth and symbiotic interaction. It can be hypothesized that pot size influences the dynamics of resource allocation and mycorrhizal symbiosis by potentially restricting the proliferation of roots and extraradical hyphae [5] . Meanwhile, the distribution of fungal inoculum may also influence the frequency of interaction between roots and fungal propagules which then affects the level of root colonization and symbiotic activity [6] . To test these notions, we conducted a factorial greenhouse study of "dwarf " sunflower and an arbuscular mycorrhizal (AM) fungus to discern how the pot size and fungal inoculum distribution affect plant growth and root colonization. Given that the AM symbiosis is widely recognized for benefiting plants under various environmentally stressful conditions [7] [8] [9] [10] [11] , we then conducted a follow-up experiment incorporating a water deficit treatment to investigate the effects of pot size on the dynamics of symbiotic association and stress tolerance. By identifying key design factors that influence plant growth and mycorrhizal association, it is our goal to improve upon the design of pot-growth experiments to facilitate a more effective comparison of findings between studies.
Materials and Methods

Experimental Design.
In the first pot experiment, "dwarf " sunflower (Helianthus annuus L. var. Pacino) plants were grown from seeds (McKenzie Seeds, Brandon, MB, Canada) for 10 weeks in a previously autoclaved, low mineral soil mixture (sand:potting soil, 1:1 v/v). Plants were grown in either small (2 L) or large-sized (7.5 L) pots containing the same base soil mixture but incorporating one of three fungal inoculum treatments (noninoculated [Control] , dispersed inoculum [AM-DI], or high density layered inoculum [AM-HDL]) which resulted in a total soil volume equivalent to the respective pot size capacity ( Figure 1 ). To test the effects of fungal inoculum distribution, the AM-soil treatments were achieved by incorporating fungal propagules (e.g., spores and hyphae) of Glomus intraradices Schenck & Smith (isolate DAOM-181602) from a commercial inoculum having a reported density of 15 propagules g −1 dry substrate (Myke Pro Endo, Premier Tech, Premier Tech, Rivière-du-Loup, QC, Canada). The AM-DI treatment consisted of the inoculum substrate being evenly mixed into the soil using an industrial mixer, whereas the AM-HDL treatment consisted of the same inoculum integrated as a 3 cm layer of substrate. Due to the respective pot-size volumes, it was estimated that small pots contained ∼750-1000 total propagules (65 g inoculum substrate dose) while large pots contained ∼2750-3000 propagules (200 g inoculum substrate dose). The factorial design of the study ( In the second experiment, plants were grown in similar small and large-sized pots containing either the non-AM control or AM-HDL inoculum substrates for 10 weeks under the same conditions as described above, but also incorporating a water deficit regime according to Ray and Sinclair [3] . This regime consisted of monitoring the water content of all soils via time-domain reflectometry [12] , and specifically reducing the relative soil moisture from 90% to 20% for the drought-treated plants over the course of weeks 4 to 10. All plants received a biweekly fertilization (100 mL per week) as described above. The factorial design of the study ( 
Harvest and Determination of Root Colonization.
Plants were harvested 10 weeks after seeding with roots being thoroughly cleaned with tap water. Plant organs were then partitioned as roots, shoots, or flowers, oven-dried at 70
• C for 72 h, and weighed separately. At the time of harvest, fresh root samples (2 g) from each replicate were carefully excised from the apical zone near the taproot and stained with aniline blue 0.02% dye solution (6.78 mM aniline blue; 500 ml glycerol; 450 ml H 2 Od; 50 ml 1% HCl) according to Dalpé [13] . One hundred, ∼1-2 cm long, root segments per replicate were randomly selected, mounted on slides, and examined at 100x and 400x magnification using a compound microscope (CX41, Olympus Inc., Centre-Valley, PA, USA). Samples of non-AM roots were also prepared to ensure their nonmycorrhizal status. Mycorrhizal colonization was estimated by determining the % frequency of colonization [13] , % length of root colonization [14] , and relative density (# mm −1 root length) of fungal structures (e.g., intraradical vesicles and arbuscules). The equations for the % frequency (1), % length of root colonization (2) , and relative density (3) are defined as:
RootLength AMstructure RootLength total × 100%,
#AMstructures RootLength colonized .
2.3. Statistical Analyses. One-and multi-way analyses of variance (ANOVA) with Bonferonni and Scheffé studentized range tests were performed for mean comparison analyses [15] . The Kolmogorov-Schmirnoff and Levene's tests were used, respectively, to verify the normality of distribution and homogeneity of residual variance. The data were Logtransformed as required to meet the assumptions of parametric analyses. All of the Fisher statistics (F), degrees of freedom (df), and P-value estimates were calculated using S-Plus 8.0 statistical software (Insightful Corp., Seattle, WA, USA). 
Results
In the first experiment, the root, shoot, and flower dry masses were over two-fold greater for the large versus small-potted plants ( Figure 2) ; these tendencies also being observed for the fresh masses (data not shown). More specifically, the flower dry mass of large-potted plants (Figure 2(a) ) was gradually smaller when comparing the Control (7.1 g), AM-DI (4.5 g), and AM-HDL (2.8 g) treatments; whereas smallpotted plants (ranging between 0.9 and 1.3 g) showed no such significant differences. Although small-potted plant roots showed some incidence of being pot-bound, none of these plants demonstrated any visual signs of nutrient deficiency (data not shown). As for the root colonization (Table 1) , all AM plant treatments were shown to be well colonized as evidenced by the presence of hyphae, vesicles, and arbuscules, although the % frequency and length of root colonization were generally greater among large versus small-potted plants. In addition, the fungal inoculum distribution also influenced root colonization as a greater length of colonization, and density of vesicles were observed for the AM-HDL treatments; yet, a higher density of arbuscules for the AM-DI treatments.
In the second experiment, the root, shoot, and flower dry masses were again greater for the large versus smallpotted plants (Figure 3) . The well-watered plants generally produced greater biomass than the drought-treated ones (both large and small pots) which showed symptoms of wilting and chlorosis (data not shown). Notably, the AMdroughted plants grown in large pots showed flower (3.4 g) and shoot (9.2 g) dry masses similar to those of well-watered plants (4.0 g flower, 9.9 g shoot), whereas non-AM droughted plants suffered a reduction in dry mass. The AM-drought small-potted plants showed no such growth advantage over non-AM drought plants. As in the first experiment, all AM plant treatments were well colonized and large-potted plants 4)a 38.8 (6.2)a 38.2 (7.1)a 85.2 (1.1)a 30.8 (1.3) again generally tended to have a higher % frequency and length of root colonization than the small-potted plants (Table 2) . Meanwhile, the overall AM root colonization of well-watered plants was greater than drought-treated ones.
Discussion
We report that pot size is a key experimental factor that, when limiting, can significantly reduce plant growth and AM root colonization. We associate this finding with the fact that the pot is an artificial microcosm having a smaller "rootable" volume than natural environments [4] . This "rootable" volume strictly determines the total nutrient supply in the rhizosphere and then limits the plants' relative growth potential (e.g., % of maximum growth) without necessarily expressing any noticeable symptoms of nutrient deficiency, as reported with maize, potato, soybean, and young spruce [2] [3] [4] . By restricting the proliferation of roots and extraradical hyphae, the "rootable" volume also influences the investment in AM symbiosis since the primary benefit of mycorrhizal association (e.g., an enhanced resource acquisition capacity) is reduced, then resulting in a lower overall root colonization among small-potted plants [1] . Accordingly, when the pot size is less constraining, our results demonstrate that plant growth and AM colonization are both significantly increased. Besides pot size, we determined that the dispersal of the fungal inoculum further affected AM root colonization such that plants grown in the high density layered (AM-HDL) substrate showed a higher frequency and density of vesicles than those grown in the dispersed inoculum (AM-DI) substrate. By contrast, those grown in the AM-DI substrate showed a higher density of arbuscules. The prevalence of vesicles (sites of lipid storage) over arbuscules (sites of resource exchange) indicates that the AM fungus had reached a more advanced stage of its life cycle [16] . As predicted, this tendency may be attributed to the fact that roots of AM-HDL plants likely had earlier colonization encounters with fungal propagules compared to roots of AM-DI plants which had a relatively more diffuse propagule distribution. For this reason, we suspect that the higher density inoculum distribution could be more effective in promoting root colonization than a dispersed one despite having similar total fungal propagules per pot. Furthermore, we also suspect that such differences in mycorrhizal investment could account for the gradually lower flower dry masses produced by non-AM control, AM-DI, and AM-HDL plants, particularly owing to the differential resource allocation associated with maintaining the symbiosis [17] .
From the second experiment, we demonstrated that the pot size effect may confound the dynamics of symbiotic association and plant stress tolerance. Besides having a greater overall biomass and root colonization for the large versus small-potted plants (as above), the AM-droughted plants produced similar shoot and flower biomass compared to the well-watered plants whereas non-AM plants suffered a growth reduction. Unlike small potted-plants which showed no such differences, large potted AM-plants especially benefited from the mycorrhizosphere's enhanced resource acquisition capability which provided them with a significant growth advantage over non-AM plants when subjected to water-deficit conditions [10, 11, 17] . In addition, it is possible that the mycorrhizosphere also provided indirect benefits to host plants by enhancing soil stability [18, 19] and moisture retention [20, 21] thereby buffering the soil environment. In this regard, a more thorough investigation into the extent of the mycorrhizosphere would be beneficial to specifically verify these perspectives.
In conclusion, this study has shown that pot size and fungal inoculum distribution are key experimental factors that affect plant growth and AM root colonization by respectively influencing (a) the "rootable" volume and (b) the likelihood of interaction between roots and fungal propagules. When limiting, these factors may influence the interpretation of results regardless of the intended experimental conditioning, such as drought resistance. By taking these factors into consideration, it is possible to reduce result biases and facilitate the comparison of findings between studies.
Abbreviations
AM:
Arbuscular mycorrhizal AM-DI: Arbuscular mycorrhizal dispersed inoculum AM-HDL: Abuscular mycorrhizal high density layered inoculums.
